Abstract-In this paper the power losses of an AC/DCconverter for an electric vehicle drive are analyzed. A validated model which calculates the losses analytically based on forward parameters and switching losses maps is used to design two converters, one for a standard machine and another for an energy efficiency optimized machine. With this a losses reduction of 25% can be achieved, just in the power electronics. Furthermore, two different IGBT generations are compared and a losses reduction of about 19% can be reached with the new IGBT3. Both reductions can mostly be derived from improvements of the switching losses.
INTRODUCTION
The traction system of a battery electric vehicle is composed of an electrochemical storage system and the electric machine. For the purpose of control the DC-voltage of the battery has to be converted into an AC-voltage with variable output voltage amplitude and frequency. This is realized in an AC/DC-converter. Because the energy density of the electrochemical storage system is a lot smaller than the energy density of fossil fuel, the efficiency of the traction system has to be as high as possible in order to get a suitable driving range. The relationship between driving range and the efficiencies of the single drive components can be analyzed via simulation tools [1] , [2] , [3] , [4] . In case of the electric machine great efficiency improvements have been reached recently by the Institute. In [5] , [6] a new winding configuration with concentrated windings for permanent magnet machines is presented. The aim of the optimization of the windings is a reduction of the power losses, especially at low load. This improvement has a great effect on electric vehicles because they mostly operate at partial load. A reduction of the energy losses just in the electrical machine of about 20% at the end of the standardized driving cycle ARTEMIS ROAD is calculated by simulation in [7] , [8] . In a next step the impact of the efficiency improvements of the partial load optimized electric machine on the efficiency of the complete traction drive is illustrated and therefore the power losses of the AC/DC-converter have to be calculated in dependence of the voltage and current of the electric machine. For a first estimation this should be approached via a simulation tool. Therefore different methods are proposed [3] , [9] , [10] , [11] , [12] . In [13] a power electronic model which uses the method proposed in [14] and calculates the static power losses of the AC/DC-converter analytically based on the data fields extracted from data sheets of the power semiconductors is checked against measurements. With this validated simulation tool the AC/DC-converter is dimensioned in this paper for the two machines DA-PM1 and DA-PM2 presented in [7] , [8] . The first one is a standard permanent magnet machine used as traction drive, whereas the DA-PM2 consists of the above mentioned partial load optimized permanent magnet machine. The focus in this paper is the analysis of the power losses in the power electronic devices of an AC/DC-converter for an electric vehicle drive and the comparison of different IGBT generations.
II.
DIMENSIONING OF AC/DC-CONVERTERS FOR THE ELECTRIC MACHINES DA-PM1 AND DA-PM2
The electric machine DA-PM1 is designed with a maximum continuous rms phase current of 170A and a maximum peak current of 470A. However, because the losses in the optimized electric machine DA-PM2 are lower compared to machine DA-PM1, the phase current is also reduced for the same desired torque. So the maximum continuous rms phase current for the electric machine DA-PM2 is lowered to 135A as well as the maximum peak current to 400A. In case of traction drive the maximum peak torque, respectively the maximum peak phase current, have to be provided for at least 10sec. Because the thermal time constant of the power electronics compared to the electric machine is about several dimensions smaller, the maximum peak current of the electric machine means for the power electronics a continuous current. Consequently for a conservative estimation it is assumed that the AC/DCconverter for the electric machine DA-PM1 has to deliver continuously a rms phase current of 470A and for the machine DA-PM2 400A. This dimensioning can be for sure optimized, but then a detailed thermal model of the power electronics is essential. The validated model of the power electronics described in [13] calculates the power losses via characteristic maps of the used power semiconductors whose phase current can be scaled in 100A phase current intervals. In consequence, the model of the power electronics for the machine DA-PM1 is parameterized with five parallel connected IGBTs and five parallel connected diodes respectively. For the machine DA-PM2 four transistors and diodes in parallel are used. In continuance to [13] the IGBT2-generation is applied for the design of the power electronics for both machines. The simulation results for the driving cycle ARTEMIS ROAD used in [7] , [8] , [13] are plotted in the Fig. 1 to Fig 4. In Fig. 1 the power losses of the two power electronics each adapted to the standard machine DA-PM1 (blue) and the optimized machine DA-PM2 (green) and below the absolute difference of the power losses (blue) are displayed. During the whole driving cycle the power electronics for the optimized machine DA-PM2 has between 100W and 400W less power losses. This is based on the higher efficiency and a lower phase current of the electric machine for the same desired torque at a certain speed. The integration of the power losses results in the energy losses which are shown in Fig. 2 . It can be seen that the energy losses of the AC/DC-converter for the DA-PM2 are about 25% smaller at the end of the driving cycle. In addition, on the right hand side in Fig. 3 and Fig. 4 the power losses are illustrated separately by conduction and switching losses. In comparison the conduction losses are much smaller than the switching losses for both electric machine designs. This is due to the typical use of a vehicle. The mostly used operation points in the driving cycle are at low load and not at the maximum power of the traction drive. In contrast, the power electronics has to be designed according to the maximum power of the traction drive for the maximum phase current which is poorly used in the driving cycle. The high ampacity based on the high number of parallel connected IGBT chips results in a low conduction resistance which induces low conduction losses at low load. In contrast to that, the high number of parallel switched IGBT chips leads to high switching losses in that operation area. As already mentioned above, the power losses are less for the optimized machine DA-PM2 which can also be seen in the conduction and switching losses. The conduction losses are in average about 50W and the switching losses about 150W smaller compared to the power electronics for the machine DA-PM1. In addition, the power losses of a power electronics are added in black in the Fig. 1 to Fig. 4 which is not adapted to the optimized machine DA-PM2. It can be seen that in the power electronics without adaption the power losses are only about 15% lower (compared to 25%) than in the adapted power electronics. From Fig. 1 it can be derived that the power losses are in average 80W higher over the complete driving cycle. Fig. 4 gives the proof that this degradation comes from the higher switching losses. However, without the adaption the conduction losses are lower because of the lower switching on resistance which can be seen in Fig. 3 . In the following chapters just adapted power electronics are considered.
III. COMPARISON OF DIFFERENT IGBT GENERATIONS
These loss calculations are made with the older IGBT generation of Infineon IGBT2. However, the new IGBT generation, called IGBT3, is already on the market. The benefit in terms of power losses and efficiency should be shown in this chapter. Therefore, the parameters and characteristic maps of the IGBT3 for the loss calculation in the AC/DC-converter are implemented according to the model described in [13] . The parameters of this new IGBT generation are extracted from the datasheet of the IGBT module FF400R06KE3. The parameters of the forward characteristics of the IGBT and the diode are shown in Table  I (threshold voltages of transistor U T0 and diode U D0 ; differential resistances of transistor r T and diode r D ). In addition, the switching on and off energy losses of the IGBT (W T,on , W T,off ) and the antiparallel diode (E offD ) are illustrated in Table II . Because the chosen IGBT module delivers a maximum phase current of 400A and in the losses calculation model a scaling in 100A-intervals is implemented, the extracted parameters and maps have to be scaled accordingly. The threshold voltages remain the same based on the parallel connection, whereas the differential resistances have to be scaled up by factor four. In contrast, the switching energies have to be divided by factor four.
The simulation results of the driving cycle ARTEMIS ROAD are shown with the new IGBT generation IGBT3 in Fig. 5 to Fig. 8 . In Fig. 5 the power losses of the AC/DCconverter are plotted separately for each electric machine design and for the two IGBT generations. The results with the IGBT2 are already known from the chapter above. At the bottom of Fig. 5 the difference of power losses of the two IGBT generations are displayed separately for the two machine designs DA-PM1 and DA-PM2. It can be summarized that the IGBT3 generation reduces the power losses by about 200W in average depending on the electric machine. The reduction is a little higher with the standard machine DA-PM1. The power losses reduction with the IGBT3 leads to lower energy losses at the end of the driving cycle of about 17% with the standard machine DA-PM1 and about 19% with the optimized machine, as can be seen in Fig.  6 . For a detailed analysis of the power losses reduction, the conduction losses in Fig. 7 and beneath the switching losses in Fig. 8 are illustrated over the driving cycle. Similar to the presentation of the total power losses of the power electronics the differences of the conduction and the switching losses of the two IGBT generations are shown thereunder. Both kinds of losses can be reduced with the new IGBT3, but in average the greatest benefit is reached in the switching losses. Especially at very low load, the switching losses are reduced up to 230W depending on the machine design. In contrast to that the greatest reduction of the conduction losses is reached at higher load. All in all, the new IGBT3 generation reduces the total power losses of the AC/DC-converter up to 19% which can be explained mainly from a reduction of the switching losses.
IV. CONCLUSION
In conclusion the power losses of an AC/DC-converter for a vehicle drive are analyzed with a validated model. The model calculates the power losses of the power electronics analytically based on electric forward parameters and switching losses maps. In a first step two different AC/DCconverters are designed with this model for a standard traction machine and an optimized electric machine. A reduction of the power losses of about 25% can be reached with the optimized machine based on its higher efficiency and its lower maximum phase current. In addition, the power losses of the converter are calculated with the new IGBT3 generation and compared with the older IGBT2. A reduction of the total power losses of about up to 19% with the new IGBT generation compared to the old generation can be obtained. This can be explained mainly from improvements of the switching losses.
